Photopolymers have been used in many fields such as adhesion, coating, printing, and electronics. However, UV irradiation leads to volume shrinkage with undesirable influence on adhesive properties and deforming the cured materials. We established a method for in situ measurement of the shrinkage behavior to study the correlation between the volume shrinkage of photopolymers and radical polymerization reaction. The correlation between the amount of reactive acryloyl group and the volume shrinkage in the UV-induced radical polymerization system was examined. The progress of volume shrinkage was linked with the polymerization reaction. However, when the viscosity of a mixed system containing oligomers was >10 Pa·s, the diffusion of radical species became slower and the formation of network structure slowed down in the curing sample. It was clear that the mixed systems had a time lag between the polymerization reaction and the shrinkage behavior in the UV-curing process.
Introduction
Photopolymers with excellent curing properties have been used in many fields such as adhesion, coating, printing, and electronics. They are receiving increasing attention because of the need to conserve energy and also because they have lower environmental impact and thus help in reducing pollution. Because of the excellent curing properties of photopolymers, we are anticipating new developments and growing possibilities.
However, volume shrinkage because of UV irradiation during polymerization affects the shape of the cured material, its adhesive properties, and also deforms the cured material. Volume shrinkage occurs because of the change in the distance between monomers (van der Waals distance), which becomes shorter during polymerization and changes the covalent-bond distance [1] . Cure shrinkage of acrylate compounds has good reciprocal correlation with molecular weight [2] . It seems that the change in intermolecular distance upon polymerization directly affects the cure shrinkage. The cure shrinkage correlates with changes in the acrylate equivalents in the reaction system of an acrylate monomer [2] . However, the correlation between the cure shrinkage and changes in the acrylate equivalent has not been completely understood. The cure shrinkage is also influenced by the chemical structure of the monomer and the physical properties of the cured substance.
Therefore, decreasing the volume shrinkage upon photopolymerization is an important task in various application fields, including holographic memory in which there should be no change in volume shrinkage [3] , inkjet inks with good adhesive properties [4, 5] , photo-prototyping [6] , and dental materials [7] , among others. Many studies have been conducted to resolve the shrinkage problem [8, 9] . However, the correlation between the shrinkage and the polymerization behavior is not clear. Therefore, we established a method for measuring the shrinkage behavior to understand the correlation between the volume shrinkage and the conversion of radically polymerized photopolymers. The correlation between the amount of reactive double bonds and the volume shrinkage in radical photopolymerization was examined.
poly(ethylene glycol) (550) monomethacrylate (CD552, Sartomer Co., LTD.)] were used. Also, three types of di-functional monomers [ethoxylated (3) bisphenol A diacrylate (SR349, Sartomer Co., LTD), ethoxylated (4) bisphenol A diacrylate (SR601, Sartomer Co., LTD), and 1,6-hexanediol diacrylate (HDDA, Shin-Nakamura Chemical Co., LTD.)] and two types of tri-functional  monomers  [trimethylolpropane  triacrylate  (TMPTA,  DAICEL-CYTEC  Company  LTD) , and pentaerythritol triacrylate (PETA, DAICEL-CYTEC Company LTD.)] were used. In addition, four types of di-functional urethane acrylate oligomers (UA07, UA10, UA20, and UA40) were used. The urethane oligomers were prepared from isophorone diisocyanate and poly(propylene glycol) (PPG700, PPG1000, PPG2000, or PPG4000). 2-Hydroxyethyl acrylate (2-HEA) was used as a functional group of the urethane oligomers. 2,4,6-Trimethylbenzoyl diphenylphosphine oxide (TPO, BASF Japan LTD.) was used as a photoinitiator (added amount: 1 wt%).
Preparation of photosensitive films
Photosensitive films were prepared for evaluating the volume shrinkage behavior as follows. To obtain a 180-μm-thick photosensitive film, appropriate amount of a photosensitive solution was dropped onto a cover glass using a micropipette. Then, we carefully covered the drop with another cover glass to prepare a measuring cell.
Measurement of infrared absorption spectrum
To evaluate the correlation between the volume shrinkage and the amount of reactive acryloyl group, the conversions of acrylic monomer and oligomer were calculated from the infrared absorption spectra under the irradiating conditions similar to that in shrinkage measurements. Infrared absorption spectra of the photosensitive solution composed of either monomers or a mixture of oligomers were measured upon UV irradiation by Fourier transform infrared spectrometer (FT/IR-660, JASCO Corp.) using a real-time attenuated total reflectance (ATR) method. To prevent the inhibition of polymerization by oxygen, the surface of the photosensitive solution was covered with a cover glass. The conversions of acrylic monomer and oligomer were calculated from the variations of the peak in infrared spectra at 810 cm -1 .
2.4 Viscosity measurement of photosensitive su .5 Establishment of in situ measurement system for evaluate the correlation be as prepared between two sh Viscosity measurements bstances were carried out using Physica MCR rheometer (Anton Paar Co., LTD.) with a cone-plate geometry having a diameter of 25 mm. The test was performed under a steady shear of 100 s -1 at 25 °C.
volume shrinkage behavior
It is very difficult to tween the volume shrinkage, the composition of photosensitive solution, and photoirradiation conditions. A method used for such correlation is density measurement method, which is widely known as a testing method for the volume shrinkage of photopolymers. However, it is difficult to evaluate the shrinkage behavior during the curing process of a photopolymer. In this study, we established a system for measuring the shrinkage behavior based on a confocal displacement meter (LT9010, KEYENCE Co., LTD.) to evaluate the volume shrinkage of a photosensitive film during the photopolymer curing process ( Fig. 1) . We kept the curing conditions of the testing system in mind to calculate the conversion of acrylic monomers from the infrared absorption spectra under the same conditions.
A photosensitive film w eets of a cover glass. As the photosensitive film and the cover glass had similar reflective indices, we measured the position of the boundary surface between the two sheets of the cover glass and air by using a confocal displacement meter. Then, the thickness of the photosensitive layer was calculated by subtracting the thickness of two cover-glass sheets from the total thickness of the measuring cell. Though cover glasses had uniform thicknesses, we measured the thickness of the cover glass every time to improve
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Mirror Light source (365nm) Fig. 1 . In situ measurement system of volume shrinkage behavior of photopolymers.
the accuracy of the experimental shrinkage results, because the individual glasses have a thickness difference of ±3 μm. Photoirradiation was carried out on one side of the sample. A medium-pressure mercury lamp (250 W) was used as a light source for UV curing. We put optical filters (UV-33, UV-D36C) between the light source and the sample to obtain light at 365 nm wavelength. The light intensity was 0.05 mW/cm 2 . 
Results an

Dependence of disso shrinkage behavior
Because the reaction rate of radical with oxygen was almost the same as in diffusion control [10] , the radical polymerization-type photopolymer, which was made of an acrylate compound, had an induction period caused by the oxygen-inhibition reaction before the radical polymerization reaction was started. Inhibition occurred when the excited triplet state of a photoinitiator and the monomer radical were captured by oxygen, which were stabilized either by deactivation or by the formation of dioxy radicals. In the volume shrinkage measurement, the influence of oxygen diffusion from air could be ignored, because the photosensitive film was sandwiched between two sheets of cover glass. Nevertheless, the influence of dissolved oxygen on the shrinkage behavior of a photosensitive film could not be excluded. Two types of samples were conditioned under either nitrogen or oxygen. The volume shrinkage behaviors of the two types of treated samples and the untreated sample were compared, as shown in Fig. 2 ; these three samples had an induction period. Even though the observation was qualitative, the induction period was increasing in proportion to the increasing amount of oxygen. Although the sample was conditioned under nitrogen, it was difficult to completely remove oxygen. Also, it could be considered that during the sandwiching operation, oxygen was easily dissolved into the photosensitive film. Although the samples had different induction times, they had similar rates of shrinkage upon UV irradiation. Moreover, their final shrinkage was almost the same, approximately 4.2%. They also had the same rate of polymerization once the dissolved oxygen in the system was consumed. It seems that they have almost similar network structure; therefore, it is considered that the same final shrinkage is caused by their similar structures. In the case of the sample that was not conditioned, the shrinkage behavior was reproducible. Hence, the untreated sample was used only to evaluate the shrinkage behavior in all experiments. The untreated sample was preserved and the sandwiching operation was carried out in air atmosphere. The operation efficiency was also considered. In this study, var ere used to measure the volume shrinkage behavior. Correlation between the polymerization reaction and the volume shrinkage was evaluated, as shown in Fig.  3 . After an induction period, the monomer system started to polymerize. The volume shrinkage started at the same time and proceeded in synchronous with the polymerization reaction. It was believed that this occurred in all the studied monomer systems, from mono-functional to tri-functional monomers.
Photoinitiator TPO showed an absorbance of 0.166 at 365 nm in the 180-μm-thick photosensitive film. The absorbance was small enough to be uniform in the whole film. Therefore, in the case of single monomer system, it seemed that upon UV irradiation, The phase of single monomer system gradually changed from liq lymerization reaction. When glass transition temperature (T g ) exceeded room temperature in the course of polymerization, both conversion and shrinkage became saturated. In all the cases, the single monomer system showed a tendency for saturation upon UV irradiation for 400 s. In the case of mono-functional monomer SR504, conversion increased to approximately 80% upon UV irradiation for 400 s, because the cured film had T g lower than room temperature. However, monomers such as di-functional monomer SR249, which has a bisphenol A-based chemical structure, and tri-functional monomer PETA showed a tendency for saturation at conversions lower than 40%, because the cured films had T g higher than room temperature.
The correlation between the conversion and shrinkage of each monomer is shown rinkage showed a linear change as a function of conversion. The results show that the decrease in the distance between the molecules because of the formation of covalent bonds directly influenced the volume shrinkage of monomers. The slope showed the magnitude of shrinkage as a function of conversion. Each monomer had a specific slope. During the UV irradiation of 400 s, the shrinkage was greatly influenced by the number of functional groups in single monomer systems. It was considered that with higher number of functional groups but similar monomer structures, denser network structures were formed. However, there were differences in the network structures caused by the differences in molecular weight and chemical structure. Di-functional monomer SR349 showed low shrinkage because of steric hindrance among polymer chains. Monomer SR349 containing a benzene ring had high ring easily caused steric hindrance. Therefore, it was considered that the shrinkage could not be simply deduced from the number of functional groups in a monomer.
In Fig. 5 , the relationship between the acrylic equivalent ight; moreover, the structure nversion for each monomer. The volume shrinkage of the acrylate monomers depended on the acrylic equivalent. With increasing acrylic equivalent, the volume shrinkage of the monomers decreased. However, the shrinkage of PETA was approximately double of that of TMPTA, although the acrylic equivalent was the same for both monomers. It was considered that the difference in shrinkage arises from cohesive force and rigidity of monomers. The cohesive force between the molecules is affected by the hydroxyl group of PETA, which easily forms hydrogen bonds. The rigidity of the polymer chain was influenced by the methyl group of TMPTA. Hence, we believe that the volume shrinkage of each monomer did not influence only from the decrease in the distance between molecules and the number of the acrylic equivalent.
.3 Volumetric shrinkage behavior of olig 3 systems atly influenced by the characteristics of ol In most cases, the properties of the cured materials were gre igomers. Both the polymerization and shrinkage behavior of four systems consisting of a single oligomer (UA07, UA10, UA20, UA30) were evaluated. The result of oligomer UA20 is shown in Fig. 6 . The final shrinkage of the single oligomer systems showed smaller value than that of the monomers, as shown in Table 1 . The result seems to be related to the increasing amount of soft segments in oligomers (molecular weight of PPG). The molecular weight of the chains between cross-linking onversion for diffe systems. Acry e equ alent points of th film in tio higher molecular weight of PPG. It was impossible to needs a relaxation time to form a stable network structure. A mixed system was e cured creased in propor n to the system probably make a shrinkage testing sample of UA07 oligomer, because the viscosity was too high. It was found that all single oligomer systems, except for UA07 oligomer, showed a difference between the rapid increase in the polymerization reaction and volume shrinkage. The increase in shrinkage started later than the polymerization reaction. The UA10 oligomer system showed the largest time lag between the two behaviors. The time lag decreased in the order: UA10, UA20, UA40. When the shear rate dependence of apparent viscosities of oligomers was tested, they showed nearly Newtonian fluid behavior. Apparent viscosities of oligomers tested at 100 s -1 are shown in Table 1 . The oligomer UA40, which showed the lowest value of viscosity, was prepared from isophorone diisocyanate and PPG4000. We believe that the viscosity of oligomers increased in proportion to the decreasing molecular weight of PPG used as a soft segment. It seems that the intermolecular forces holding the molecules together increased, because the concentration of urethane bonds capable of forming hydrogen bonds increased.
Thus, it is probable that the time lag between the volume shrinkage and the polymerization reaction is closely related to the viscosity of oligomer systems, as shown in Fig. 6 , which is further related to the dif a di fusion of radicals in the oligomer systems. The formation of network structure was easily delayed with increasing viscosity. This type of oligomer prepared to decrease the viscosity of oligomer systems using a mono-functional monomer or sebacic acid diethyl ester (DES) as a diluent. Conversion and shrinkage were also examined. We controlled the viscosity of the mixed system by adding DES. In the case of the first mixed system (UA10/DES = 20/1, 32.5Pa·s), the time lag between the polymerization reaction and volume shrinkage was highly reduced comparison to the single oligomer system (UA10, 89.4 Pa·s). In the case of another mixed system containing a large amount of DES (UA10/DES = 7/3, 1 Pa·s), there seemed to be hardly a significant difference between the two properties. Fig. 7 shows the time dependence of the two properties for one mixed system (UA07/DES = 29/1). The starting point of rapid growth showed a large difference between the polymerization reaction and the volume shrinkage. vo starting times. When the viscosity was >10 Pa·s, the time lag increased in proportion to increasing viscosity. In the former, the system had viscosity low enough to let the monomer move freely and the polymerization reaction proceeded in the entire system. The volume shrinkage proceeded in synchronous with the reaction. However, the highly viscous system easily showed the time lag of volume shrinkage behavior compared to the reaction. ly reaction. Therefore, the measurement became difficult when shrinkage test had completed halfway. However, we believe that because turbidity did not occur in the early stages of the reaction, there was a large time lag between the two properties. The compatibility became lower upon the polymerization of the monomers and phase separation occurred in the mixed system. Consequently, it was impossible to form a uniform network structure in the whole film and there was a time lag between the polymerization reaction and volume shrinkage. 5) had viscosity low enough (7.1 Pa·s) to let the monomer move freely, there was a large time lag between the polymerization reaction and volume shrinkage, as shown in Fig. 9 . As a result, the photosensitive film became cloudy, because the compatibility between the oligomer and the Fig. 9 . Relationship bet ge and conversion
4
We could e lume shrinkage behavior in the UV-curing process of photopolymers. The progress of volume shrinkage behavior was fundamentally linked with the polymerization reaction. However, when the viscosity of the mixed oligomer system was >10 Pa·s, radical diffusion, and thus, the formation of network structure were easily delayed in the curing film sample. It was clear that viscous oligomer systems had a time lag between the polymerization reaction and shrinkage behavior in the UV-curing process.
ween shrinka for UA10/SR601 = 5/5 system. 
